This paper presents a spectral analysis of three different modes of ferroresonance. Voltage and current signals of the fundamental, subharmonic and chaotic ferroresonance modes are processed. The signals are obtained by modeling a ferroresonance circuit in alternative transient program-electro magnetic transient program (ATP-EMTP). The magnitude spectrum and total harmonic distortion are calculated for each case. The results show that voltages and currents of different modes of ferroresonance produce different features, which may be used for ferroresonance identification, classification and mitigation in the future.
Introduction
Ferroresonance is a complex electrical phenomenon that is due to the interaction between the nonlinear characteristics of the transformer core and system's capacitance. It is a nonlinear phenomenon that is initiated by changes in the network topology; such as, switching operations or faults. The following are examples of electrical power system configurations that are prone to ferroresonance: a voltage transformer energized through the grading capacitance of one or more open circuit breakers, voltage transformer connected to an isolated neutral system and transformer that are accidentally energized in only one or two phases. More examples with detailed discussions are available in [1] , [2] . Ferroresonance may cause overvoltages and overcurrents in an electrical power system. If the system is under sustained ferroresonance for a long time, it can cause dielectric and thermal problems in transmission and distribution systems. Ferracci has classified ferroresonance into four modes; namely, fundamental, subharmonic, quasi-periodic and chaotic [1] . The research areas related to ferroresonance range from modeling of the actual ferroresonance circuit in transient programs [3] , [4] modeling the components (transformer modeling) inside the ferroresonance circuit [5] , [6] , understanding the behaviour of ferroresonance using chaos theory and nonlinear dynamics [7] , [8] , and the identification, detection and classification of ferroresonance signals from other transient disturbances [9] .
Despite the large number of studies that have been conducted to understand the behavior of ferroresonance many unknowns regarding this phenomenon still exist, especially with regard to the initiation and the occurrence of different ferroresonance modes. Thus, this paper provides a comprehensive analysis of the signal qualities of three of the different modes of ferroresonance. This analysis was performed by processing voltage and current signals simulated using the ATP-EMTP software package. In the past, most research focused on the fundamental mode of ferroresonance [10] , [11] but this paper also analyzes the subharmonic and chaotic modes of ferroresonance. This analysis should provide a better understanding of the differences between these three ferroresonance modes in terms of harmonic components and the total harmonic distortion. Such knowledge is essential when performing the tasks of identification, detection and classification of ferroresonance that are necessary if robust methods of ferroresonance mitigation are to be designed.
The paper is organized as follows: Section 2 describes the transmission network that is used when modeling the ferroresonance circuit. The modeling and simulation of the ferroresonance circuit is presented in Section 3. Section 4 discusses the spectral analysis of the ferroresonance simulated signals and the concluding remarks are presented in Section 5.
Modeling and Simulation of the Ferroresonance Test Network
This section presents the transmission network used for modeling the ferroresonance circuit. In Fig. 1 , the single line diagram of the real system is considered. The ferroresonance occurs between the grading capacitance of the circuit breakers and the voltage transformer. The model has been adopted from [12] and represents the Dorsey high voltage direct current (HVDC) converter station in the Manitoba hydro system, Canada. The details of the system configuration and parameters are given in [12] . 
Spectral Analysis of the Simulated Voltage Signals
The Fourier transform provides a method for examining the level of distortion in the input signal. The most common applications of the Fourier transform are the analysis of linear time-invariant systems and spectral analysis. In this section, spectral analysis of the ferroresonance signals is performed by calculating the magnitude spectrum and the total harmonic distortion (THD).
The analysis of the signal is separated into the three different periods shown in Fig. 4 . Time t 1 is the time when the circuit breaker switching operation occurred. Time t 2 is defined as the time when the system enters the sustained ferroresonance. The signals in each period can be described as: Normal during Period 1 t<t 1 , transient during Period 2 t>t 1 and t<t 2 and sustained ferroresonance during Period 3 t>t 2 . 
Magnitude spectrum
The discrete Fourier transform (DFT) is a mathematical procedure that is used to determine the harmonic or frequency components of a discrete signal. The DFT is defined as follows:
where [] Xk is the complex value of the discrete sequence in the frequency domain, N is the number of samples of the input sequence and the number of frequency points in the DFT output, [] xn is the sequence of input samples in the time domain, n is the index of the input samples in the time domain and k is the index of the DFT output in the frequency domain that is defined as:
The magnitude spectrum for each of modes of ferroresonance has been obtained by applying the DFT to a portion of Period 3 of the ferroresonance signals. The voltage and current signals for each ferroresonance mode are shown alongside the corresponding magnitude spectrums in Fig. 8 It can be observed that during the sustained ferroresonance the voltage and current of three modes of ferroresonance have different magnitude spectrums. The fundamental mode has a spectrum that is an odd multiple of the system frequency. The subharmonic mode contains a sub-frequency (1/n) of the system frequency. The chaotic mode lacks discrete bands of frequency content; instead the spectrum is broadband and varies continuously across the frequency range.
Derivation of the total harmonic distortion
A harmonic of a signal is defined as a frequency component of the signal that is an integer multiple of the fundamental frequency. For example, given a 60 Hz fundamental signal, the 2nd, 3rd, and 4th harmonic components will be at 120 Hz, 180 Hz and 240 Hz, respectively. Harmonics have always been present in power systems. However, the harmonic components were so small that their effects on systems were negligible and the voltage and current signals could be considered as ideal sine waves with zero harmonic content. However, when a nonlinear load draws current that is not perfectly sinusoidal, the voltage signal will be distorted. Harmonic distortion can have harmful effects on electrical equipment. Unwanted distortion can increase the current in power systems, which will result in higher temperatures in neutral conductors and distribution transformers.
Total harmonic distortion (THD) is used to compare the summation of all of the harmonic components of the voltage or current waveform with the fundamental. The THD of a voltage signal, V, is calculated by using the following equation: The total harmonic distortion was calculated for the three different modes of ferroresonance to evaluate the deviation of the ferroresonance mode signals from a pure sinusoidal signal. This analysis was conducted using a sliding data window. The harmonic components in each data window are obtained using the Fourier Transform. The THD is then calculated for this particular data window. The process is repeated after sliding the window one sample forward until the end of the signal is reached. This process is summarized in Fig. 14 . The data window size that is used in this analysis is 2T 0 , where T 0 is defined as:
The number of samples per T 0 is 128 samples, so each data window contains 256 samples. This process allows the harmonic waveforms depicted in Fig. 15 (a) for each of the modes of ferroresonance to be determined. 
Conclusion
Feature extraction is necessary if robust methods are to be designed for the classification and mitigation of ferroresonance. Spectral analysis of three different modes of ferroresonance has shown that each mode has different characteristics that could be used as the basis for feature extraction and for distinguishing between each mode. The THD of the fundamental mode is a distinctive feature but the THD of the subharmonic and chaotic mode will require further analysis before it can be used.
